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The Influence of Thin Clay Layers on the Design and
Performance of a Flexible Cantilever Retaining Wall
R. Cameron

C.A. Carr

Geotechnical Engineer, Syncrude Canada Ltd., Canada

Senior Geotechnical Engineer, Syncrude Canada Ltd., Canada

SYNOPSIS
This case study presents the methods that were used successfully to redesign and monitor the
performance of a flexible cantilever retaining wall, incorporating an in situ support berm, at a
site where thin, weak clay layers were detected in the foundation during construction. A potential
mode of failure termed "berm-block sliding", where the retaining wall pushes out the entire support
berm as a block along the clay layers, governed the design analysis. Evidence of presheared planes
within the clay layers required that the design shear strength parameters be based on residual
values. The clay had a significant cohesion component which was utilized in the design along with
an observational method towards construction and post-construction behavior. The observational
approach included a comprehensive instrumentation and monitoring program and the development of a
remedial stabilization contingency plan to be implemented if necessary. This design methodology
resulted in significant cost savings.

Thin clay layers were discovered in the
foundation immediately below the proposed
support berm during the retaining wall
construction. This required that .the
retaining wall be redesigned. The methods
used to analyze a potential "berm-block
sliding" mode of failure for this situation
and the selection of the clay shear strength
parameters is outlined. Details of the
original and final retaining wall designs are
discussed. Construction costs could have more
than doubled if it had not been possible to
construct the retaining wall with a wider
support berm and implement an observational
method towards construction and postconstruction behavior. This included an
instrumentation program and the development of
a contingency plan for remedial stabilization.

INTRODUCTION
This paper .. presents a case history of the
design and 'performance of a flexible
cantilever retaining wall constructed at the
Syncrude Canada Limited open pit oilsand mine
near Fort McMurray, Alberta, Canada. In
particular the influence of thin clay layers
is discussed.
Syncrude Canada Ltd. operates a mine and
processing plant in which bitumen is extracted
from the mined oilsand and upgraded to produce
approximately 130,000 barrels of synthetic
crude oil daily. The synthetic crude oil is
pumped to Canadian refineries for further
processing through a pipeline which passes
close to the crest of the overburden slope
along the northern edge of the mine.
Overburden, in the context of this paper, is
the material overlying feed-grade oilsand.
Another pipeline, which supplies natural gas
to the plant, is located within the same
pipeline corridor.

Performance of the wall has been monitored
during and after construction by
instrumentation which includes slope
inclinometers, survey prisms and piezometers.
The instrumentation results were analyzed to
ensure the reliability of the retaining wall
structure. The information from the
instrumentation monitoring provides valuable
details on horizontal deformation of the
retaining wall and ground deformation behind
and in front of the wall over a period of more
than twelve months since construction. · An
indication of existing and allowable pile
bending stresses was obtained by computer
modelling in which pile deformation was
provided by an attached slope inclinometer.

In the northwest quadrant of the mine limited
space between the pipeline corridor and the
planned location of the in-pit mine conveyor
system made excavation of a stab-le unsupported
overburden slope impossible and necessitated
the construction of a retaining wall which is
the subject of this paper. It was very
important that the wall provide sufficient· i
support to the retained soil and ensure that!
differential movement of the piplines would ~e
.maintained within tolerable limits for a
i
scheduled service life of 12 to 18 months.
cantilever-type retaining wall comprising
soldier piles with precast concrete lagging i
and incorporating an in situ support berm was
selected.
1

1

The discussion in this paper is confined to
the eastern portion of the retaining wall
which incorporates the final design support
berm. Along the western portion of the
retaining wall the support berm was fully
supported by unexcavated overburden material.

1
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Fig. 1

Site Plan and Instrument Locations

To the east of the retaining wall the
overburden height decreases considerably and
is sloped at about 2.5(H):l(V) to a toe ditch
north of the conveyor access road. Approximately 35 m of the western portion of the
retaining wall is partially buttressed by a
stable composite slope of 6(H):l(V) reducing
to 3(H):l(V) towards a toe ditch on the mine
bench.

SITE DESCRIPTION
The general topography of the project area
prior to overburden removal and retaining wall
construction consisted of gently undulating
terrain with muskeg and tree cover crossed by
several small creeks and tributaries.
Surface details of the site, after wall construction and subsequent overburden removal,
are shown on the site plan in Figure 1. The
retaining wall was constructed along the
northern mine boundary, within the overburden
slope, and is 138 m in length with a short
wing wall at the western end. A typical
cross-section through the wall and overburden
slope is shown in Figure 2. Overburden
comprises all the material above the mine
bench elevation. In front of the wall is a
support berm approximately 5 m in height with
a bench width of 9 to 12 m. The mine conveyor
system is located to the south of .the support
berm. The retaining wall supports the
overburden soils to the north by means of a
3 m high cantilever section comprising
reinforced concrete lagging panels and steel
!-section soldier piles placed at 3 m centres.
The ground slopes upward to the north to a
maximum height of about 4.5 m above the
concrete lagging panels, where it reaches the
southern edge of a 10 m wide pipeline
corridor. Two pipelines are located within
the corridor at a depth of about 3 m below
ground surface; a o·. 51 m diameter pipeline
which carries synthetic crude oil from the
plantsite to Edmonton and a 0.41 m diameter
pipeline which supplies the plant with natural
gas.
·
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Typical Cross-Section Through the
Retaining Wall and Overburden Slope

SITE INVESTIGATION
The geological conditions at the site were
interpreted from boreholes and test pits.
Details of the geology are shown on the
longitudinal section in Figure 3 •
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The basic wall design considered in both the
original and final design consists of
reinforced concrete lagging panels installed
down to elevation 305.0 m. The lagging panels
fit between steel !-section soldier piles
concreted up to elevation 305.0 m in 0.9 rn
diameter prebored auger holes which are spaced
at 3 m centres. The !-section used for the
piles was a W610 x 179 which has a depth of
0.61 m and a width of 0.3 m. The retaining
wall design details are shown on the
cross-section in Figure 2 with the original
berm design shown by a dashed line.
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Soil Pressure Distribution
The soil and net water pressure distributions
associated with the original design are
provided in Figure 4. The net water pressure
is the water pressure remaining after
cancellation of equivalent water pressures
acting on each side of the wall. For ease of
presentation the active soil pressure
distribution has been corrected by cosine 21°
corresponding to the slope of the ground
behind the retaining wall to align forces in
the horizontal direction and the passive soil
pressure distribution has also been corrected
by cosine 20° corresponding to the Coulomb
friction assumed. Lateral pressures which
include active and passive soil pressures and
water pressures acting from 308.5 m down to
305.0 m were considered to act over a 3.0 m
width per soldier pile except for the passive
resistance of the soil from elevation 305.5 m
to 305.0 m. Lateral pressures and water
pressures below elevation 305.0 m were
considered to act over a 1.17 m width per
soldier pile, which is 0.9 m times 1.3, an
empirical factor modified from that
recommended by Golder and Seychuk (1967). The
passive soil resistance between elevations
305.5 and 305.0 rn was considered to act over a
1.17 m width per soldier pile. The assumed
area of influence for the lateral pressures
acting on the piles, as given in Figure 5 case
(a), is included in pressure distributions
shown in Figure 4.

The initial information on the subsurface
ground conditions was provided by four
auger-drilled boreholes with Standard
Penetration Testing and sampling. Based on
this information the stratigraphy was found to
comprise very dense oilsand which is a
bituminous silty sand, the upper part of which
has a bitumen content of less than 8%. The
oilsand is overlain unconformably by 2.8 to
3.5 m of dense glauconitic sandy silt and
clay, including a 300 mm thick siltstone
layer. Glaciation has eroded the original
bedrock surface and deposited 2 to 5 m of
stiff clay till and medium dense to dense
gravelly sand till which are covered in places
by recent fill consis.ting of a mixture of
loose to medium dense silty sand with rock
fragments.
After installation of the piles had been
completed additional information was obtained
from a further subsurface investigation in the
retaining wall area. This investigation was
carried out after site investigation results
from another part of the mine indicated that
thin weak clay layers may be present within
the upper part of the relatively high strength
oilsand. The drilling of four coreholes,
excavation of two test pits and detailed
geological logging, followed by laboratory
testing of samples, confirmed that thin silty
clay layers were present within a relatively
thin zone of less than 1 rn thickness, that
could influence the stability of the proposed
retaining wall. Individual clay layers were
found to be generally less than 100 mm thick,
soft to firm and characteristically
bioturbated with silt and sand inclusions.
Evidence of pre-sheared planes within the clay
layers was observed in one test pit and was
confirmed by direct shear testing performed
along these planes. Laboratory tests indicate
the clay has a representative natural moisture
content of 22%, a liquid limit of 50% and a
plastic limit of 25%. Particle size
distribution is varied with a representative
gradation of 63% silt and 37% clay.

Fig. 4

The groundwater conditions at the site were
monitored-by several pneumatic piezometers
installed at various depths. Piezometer data
indicated piezometric levels about 4 to 5 m
below the original ground surface.

Design Parameters and Analysis
The original design parameters used for the
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Soil and Net water Pressure
Distribution for the Original
Retaining Wall Design
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Associates Ltd. Based on a formula provided
by them differential movement along the length
of the pipeline was to be less than 175 mm for
a 10 m section.

J

Table 1:

Design Parameters Used in
Original Design
Effective
Shear
Strength

Soil Type

Fill
Till
Sandy Silt and
Clay
Oil sand
a) in situ
b) in situ but
stress relieved

Bulk
Density

Ka

= 21°)

~·

(kN/m3)

32°
32°
25°

19.7
21.2
19.7

0.38
0.57

50°

21.2

0.30

44°

21.2

0.30

(B

-

297.3m

Table 2:
( 0.9m)

Factors of Safety Against Failure
for Original Design

Effective Dia.

(!.17m)

~ AREA PRESSURES ACT OVER
a) For Passive Wedge
( Punching)Failure Mode

Fig. 5

Failure Condition

b) For Berm· Block
Sliding Failure Mode

Assumed Area of Influence for Lateral
Pressures Acting on Piles for Modes
of Failure Considered

various soil types are provided in Table 1.
The at-rest earth pressure coefficient {Ko)
prior to wall construction for the glauconitic
sandy silt and clay and the oilsand is in the
order ~f 2.0 to 5.0 as indicated by previous
studies at the mine site. Active earth
pressure conditions are, however, expected to
be mobilized for a cantilevered retaining
wall. It was considered that the oilsand
immediately behind the retaining wall would
stress relieve resulting in an effective
friction angle (~') of 44° which~ with a slope
surcharge (B) of 21°, gives an active earth
pressure coefficient (Ka) of 0.21, for Rankine
assumptions. For design purposes a Ka value
of 0.3 was adopted for oilsand. The passive
earth pressure coefficient(Kp) of oilsand was
not required as the Culmann Graphical Method,
as it applies to support berms, was used to
determine the passive resistance. (Navfac
Manual, 1982) This method was used due to the
difficulty of determining a passive earth
pressure coefficient for a berm geometry.

Minimum
Calculated
Factor of
safety

Retaining wall
overturning

1.5

1. 62

Overall slope
stability
(under soldier
piles)

1.5

2.35

Upper slope
stability for
failure involving
the pipelines

1.5

2.01

Upper slope
stability for
failure not
involving the
pipelines

1.3

1.39

Lower slope
st.abili ty( support
berm slope)

1.5

1.48

FINAL WALL DESIGN
Design Changes

The calculated factors of safety are provided
in Table 2 for the failure conditions
considered. The factors of safety against
overturning are based on net water pressures.

The detection of thin clay layers of low
strength, within and directly under the
proposed in situ oilsand berm, substantially
reduced the lateral support the berm would
have provided to the retaining wall. A
redesign of the retaining wall was therefore

A guideline for the maximum allowable pipeline
movement was established by Lamb McManus
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Required
Factor of
Safety
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The basic wall design considered in both the
original and final design consists of
reinforced concrete lagging panels installed
down to elevation 305.0 m. The lagging panels
fit between steel I-section soldier piles
concreted up to elevation 305.0 m in 0.9 m
diameter prebored auger holes which are spaced
at 3 m centres. The I-section used for the
piles was a W610 x 179 which has a depth of
0.61 m and a width of 0.3 m. The retaining
wall design details are shown on the
cross-section in Figure 2 with the original
berm design shown by a dashed line.
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Soil Pressure Distribution
The soil and net water pressure distributions
associated with the original design are
provided in Figure 4. The net water pressure
is the water pressure remaining after
cancellation of equivalent water pressures
acting on each side of the wall. For ease of
presentation the active soil pressure
distribution has been corrected by cosine 21°
corresponding to the slope of the ground
behind the retaining wall to align forces in
the horizontal direction and the passive soil
pressure distribution has also been corrected
by cosine 20° corresponding to the Coulomb
friction assumed. Lateral pressures which
include active and passive soil pressures and
water pressures acting from 308.5 m down to
305.0 m were considered to act over a 3.0 m
width per soldier pile except for the passive
resistance of the soil from elevation 305.5 m
to 305.0 m. Lateral pressures and water
pressures below elevation 305.0 m were
considered to act over a 1.17 m width per
soldier pile, which is 0.9 m times 1.3, an
empirical factor modified from that
recommended by Golder and Seychuk (1967). The
passive soil resistance between elevations
305.5 and 305.0 m was considered to act over a
1.17 m width per soldier pile. The assumed
area of influence for the lateral pressures
acting on the piles, as given in Figure 5 case
(a), is included in pressure distributions
shown in Figure 4.

The initial information on the subsurface
ground conditions was provided by four
auger-drilled boreholes with Standard
Penetration Testing and sampling. Based on
this information the stratigraphy was found to
comprise very dense oilsand which is a
bituminous silty sand, the upper part of which
has a bitumen content of less than 8%. The
oilsand is overlain unconformably by 2-B to
3.5 m of dense glauconitic sandy silt and
clay, including a 300 mm thick siltstone
layer. Glaciation has eroded the original
bedrock surface and deposited 2 to 5 m of
stiff clay till and medium dense to dense
gravelly sand till which are covered in places
by recent fill consisting of a mixture of
loose to medium dense silty sand with rock
fragments.
After installation of the piles had been
completed additional information was obtained
from a further subsurface investigation in the
retaining wall area. This investigation was
carried out after site investigation results
from another part of the mine indicated that
thin weak clay layers may be present within
the upper part of the relatively high strength
oilsand. The drilling of four coreholes,
excavation of two test pits and detailed
geological logging, followed by laboratory
testing of samples, confirmed that thin silty
clay layers were present within a relatively
thin zone of less than 1 m thickness, that
could influence the stability of the proposed
retaining wall. Individual clay layers were
found to be generally less than 100 mm thick,
soft to firm and characteristically
bioturbated with silt and sand inclusions.
Evidence of pre-sheared planes within the clay
layers was observed in one test pit and was
confirmed by direct shear testing performed
along these planes. Laboratory tests indicate
the clay has a representative natural moisture
content of 22%, a liquid limit of 50% and a
plastic limit of 25%. Particle size
distribution is varied with a representative
gradation of 63% silt and 37% clay.

Fig. 4

The groundwater conditions at the site were
monitored"by several pneumatic piezometers
installed at various depths. Piezometer data
indicated piezometric levels about 4 to 5 m
below the original ground surface.

Design Parameters and Analysis
The original design parameters used for the
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Soil and Net Water Pressure
Distribution for the Original
Retaining Wall Design
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Associates Ltd. Based on a formula provided
by them differential movement along the length
of the pipeline was to be less than 175 mm for
a 10 m section.

Table 1:

Design Parameters Used in
Original Design
Effective
Shear
Strength

Soil Type

Fill
Till
Sandy Silt and
Clay
Oils and
a) in situ
b) in situ but
stress relieved

Table 2:

f2

AREA PRESSURES ACT OVER

a) For Pauive Wedge
( 1'\Jnehing)Failure Mode

Fig. 5

Failure Condition

various soil types are provided in Table 1.
The at-rest earth pressure coefficient (Ko)
prior. to wall construction for the glauconitic
sandy silt and clay and the oilsand is in the
order ~f 2.0 to 5.0 as indicated by previous
studies at the mine site. Active earth
pressure conditions are, however, expected to
be mobilized for a cantilevered retaining
wall. It was considered that the oilsand
immediately behind the retaining wall would
stress relieve resulting in an effective
friction angle (-') of 44° which; with a slope
surcharge (B) of 21°, gives an active earth
pressure coefficient (Ka) of 0.21, for Rankine
assumptions. For design purposes a Ka value
of 0.3 was adopted for oilsand. The passive
earth pressure coefficient(Kp) of oilsand was
not required as the Culmann Graphical Method,
as it applies to support berms, was used to
determine the passive resistance. (Navfac
Manual, 1982) This method was used due to the
difficulty of determining a passive earth
pressure coefficient for a berm geometry.

= 2!0)

~·

(kN/m3)

32°
32°
25°

19.7
21.2
19.7

0.38
0.57

50°

21.2

0.30

44°

21.2

0.30

(B

-

Required
Factor of
Safety

Minimum
Calculated
Factor of
safety

Retaining wall
overturning

1.5

1.62

Overall slope
stability
(under soldier
piles)

1.5

2.35

Upper slope
stability for
failure involving
the pipelines

1.5

2.01

Upper slope
stability for
failure not
involving the
pipelines

1.3

1.39

Lower slope
st.abili ty(support
berm slope)

1.5

1.48

FINAL WALL DESIGN
Design Changes

The calculated factors of safety are provided
in Table 2 for the failure conditions
considered. The factors of safety against
overturning are based on net water pressures.

The detection of thin clay layers of low
strength, within and directly under the
proposed in situ oilsand berm, substantially
reduced the lateral support the berm would
have provided to the retaining wall. A
redesign of the retaining wall was therefore

A guideline for the maximum allowable pipeline
movement was established by Lamb McManus
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Ka

Factors of Safety Against Failure
for Original Design

b) For Berm- Block
Sliding Failure Mode

Assumed Area of Influence for Lateral
Pressures Acting on Piles for Modes
of Failure Considered

Bulk
Density

1212

that produces the cohesion intercept.
Skempton (1985) gives the residual strength
versus the normal effective pressure for most
clays as a non-linear relationship and
expresses the residual strength as the secant
angle of shearing resistance. He also
suggests that for design purposes it is often
useful to take a "best-fit" linear envelope
over the range of pressures involved, using
both the effective cohesion and effective
angle of shearing resistance.

· required to ensure an adequate factor of
safety against overturning. The clay layers,
which occur in a thin zone of about 1 m
thickness, also extended behind the retaining
wall structure so all modes of failure
previously considered in the original design
had to be rechecked. Since excavation of the
in situ support berm had not started enlarging
the proposed support berm was an economical
and quick solution which would allow mining
activities to continue on schedule but with
reduced access for conveyor maintenance and
cleaning.

4

A typical cross-section of the cantilever
retaining wall that was constructed based on
the design changes is shown in Figure 2. The·
only changes from the original design is the
width of the support berm.

J!.

~300

~200

M¢thods of Analysis
With the discovery of the clay layers a new
mode of failure involving overturning had to
be considered. The failure mode can best be
described as berm-block sliding in which the
retaining wall pushes on the support berm,
causing it to move out as an entire block
sliding on the clay. This means that all the
water pressure and the active soil pres~ures
behind the soldier piles down to the clay
layer elevation had to be included in the
driving forces as shown in Figure 5 case (b).
It has been assumed that the very dense and
high strength oilsand would arch between the
piles.

~J:
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Fig. 6

The forces resisting overturning consist of
the shear resistance mobilized along the clay
layer, any passive resistance developed in the
oilsand at the toe of the sliding block where
clay layers are below the final ground
elevation, the passive soil resistance in
front of the soldier piles for the portion of
the pile embedded below the clay layer zone
and the partially balancing water forces. The
actual support provided is dependent on the
elevation of the clay layer zone in relation
to the elevations of the toe of the berm and
the base of the soldier piles.

Clay Layer Shear Strength Parameters

By establishing an instrumentation program and
remedial stabilization plan the selection of a
less conservative design was implemented in
which full cohesion is used from the measured
residual shear strength parameters for the
clay of Cr' = 10 kPa, ir' = 9°. This
represents the lower bound linear envelope for
the residual shear strength of the clay. The
use of all the cohesion for the clay layers in
front of the retaining wall for long term
design was a concern ~ue to the sensitivity of
the design to the cohesion value used and the
possibility of further reductions in cohesion
in low stress areas, which is difficult to
test in the laboratory. Significant stress
relief of the oilsand and clay layers in front
of the wall is expected due to excavation and
for long term design a reduction in effective
cohesion to cr'=O was considered.

Selection of Clay Layer Shear Strength
Parameters
The selection of the clay shear strength
parameters used in the analyses of overturning
and stability were based on the results of
direct shear tests. Evidence of pre-shearing
in some clay samples required that residual
shear strength parameters be used in the
analyses. The residual strength as shown in
Figure 6 demonstrated a significant (apparent)
effective cohesion component (cr') of
lOkPa. Lupini (1981) refers to it as an
·apparent cohesion intercept and uses a secant
'angle of shearing resistance ( *rs') equal
to tan-1 (shear resistance divided by normal
stress), which is normal stress dependent, for
the shear strength in his work. Williams
(1980) suggests there is some doubt as to
whether the cohesion intercept can be viewed
as true cohesion but postulates that the
ploughing effect of a sand fraction on the
shear planes displaces softer clay and it is
this carving of the sand grain into the clay

No loss of cohesion is assumed behind the
retaining due to the dowelling effect of the
soldier piles through the clay layers and
minimal stress relief due to the minor
excavation of the supported slope. Hubbard,
et al (1984) also used both effective cohesion
and the effective angle of shearing resistance
for short term retaining wall design
considerations.
Low calculated factors of safety for the short
term and factors of safety below 1.0 for long
term analyses made it imperative to have a
contingency plan for remedial stabilization
ready to implement if required. Since any
loss of cohesion due to stress relief of the
clay layers in front of the retaining wall was
expected to occur over a period of time, and
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would not be instantaneous, proper evaluation
and interpretation of the monitoring results
would provide adequate time to implement the
contingency plan. The contingency plan
consisted of a semi-continuous cast-in-place
reinforced concrete pile shear wall to be
installed through the support berm in front of
the retaining wall, if required.

safety for the original design support berm
geometry, based on the clay layer at an
elevation of 29g,5 m, is also provided for
comparison. The calculations of the factors
of safety against overturning were performed
using the net water pressure.

Soil Pressure Distribution

Table 3:

The soil and net water pressure distributions,
for a clay layer at an elevation of 299.5 m,
are provided in Figure 7. For the block of
soil above the clay layer in front of the wall
no Coulomb friction was used on the back of
the block. The passive soil resistance
developed in the oilsand at the toe of the
sliding block from elevation 300.5 to 299.5 m
is included in the block resistance since its
action is to support the block which in turn
supports the retaining wall. From elevation
308.5 m down to the clay layer at 29g,5 mall
lateral pressures are considered to act over a
3.0 m width per soldier pile. Below the clay
layer the lateral pressures are considered to
act over a 1.17 m width per soldier pile.

Soil Type

~

B

Kp
=20°
=0°

0
0

32°
32°

19.7
21.2

0.38

-

Sandy Silt
and Clay

0

25°

19.7

0.57

-

0

50°

21.2

0.30

0

44°

21.2

0.30

10

go

19.7

-

-

10

go

1g.7

-

-

0

go

19.7

-

-

(;;lay Layer§
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b)in front
of wall
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term

Soil and Net Water Pressure
Distribution for the Final Retaining
Wall Design for the Clay Layer at
299.5 m

Effective Bul.Jt
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Shear
Density o= 0
Strength
kN/m3
c'
B =21°
(kPa) ¢'

Fill
Till
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a)in situ
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but stress
relieved

I~
Fig. 7

Design Parameters Used in Final Design

-

10

INSTRUMENTATION PROGRAM

Design Parameters and Analysis

The location of the instrumentation is shown
on the site plan in Figure 1 and on the
longitudinal section in Figure 3.

The soil parameters used in the final design
are provided in Table 3. The Ka values given
in Table 3 are based on a surcharge slope
angle (B) of 21°. The Kp value for oilsand is
required to calculate passive resistance
provided by the oilsand at the toe of the
sliding block where the clay layer zone is
below the final grade and for calculating
passive resistance in front of the soldier
piles for pile embedments below the clay. For
design purposes a Kp value of 10 was adopted.
This value was obtained by Coulomb's method
using an effective friction angle of 44° for
stress relieved oilsand and an angle of wall
friction (o )of zoo with a factor of safety of
1.5 applied. Earth pressure coefficients are
not applicable for the relatively thin clay
layer zone. For the effect of a potential
berm-block sliding failure mode due to the
presence of clay layers the analysis is
dependent on the shear strength parameters
selected for the clay layers.

Slope inclinometers (SI) 501 and 503 were
installed approximately 1.5 m behind the
retaining wall to check any movement due to
deep instability below the pile embedment and
to monitor the soil movement directly behind
the retaining wall lagging. SI 502 and 513
were attached to the inside-edge of the back
flange of the pile !-sections to provide the
shape of deflection including the point(s) of
inflection of the piles. SI 504, 505 and 506
were primarily installed to monitor soil
movements in front of the pipelines. SI 530,
531, 532 and 533 were installed five days
after final excavation of the support berm to
monitor movements of the support berm along
the thin clay layers. SI 529 and 534 were
installed 33 and 27 days after the final
excavation of the support berm to provide more
coverage to the west.
Optical survey prisms (PZ) 9, 22, 34 and 44
were bolted to brackets welded 0.3 m below the
top of selected piles. They were installed
prior to the removal of any soil in front of
the retaining wall, with the exception of
PZ g, and were used to check horizontal
.deflection of the top of the piles. PZ 22B and

Table 4 gives factors of safety for the clay
layers at elevation 299.5 m, 300.5 m and 297.3
m in which calculations are based on Ka values
corresponding to respective surcharge slope
angles of 21°, 16° and 14°. The factors of
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Table 4:

Factors of Safety Against Failure Conditions Considered
in Analysing Final Design

Failure Condition

Retaining wall overturning

!Factors of
!safety for
!original berm
!with the clay
!layer at
1299.5 m
!Short I Long
!Term I Term
0.70
0.40

!Factors of
!safety for
!final design
!for the clay
!layer at
1299.5 m
!Short !Long
!Term !Term
0.76
1.26

!Factors of
!safety for
!final design
!for the clay
!layer at
1300.5 m
!Short !Long
I Term !Term
1.48
0.09

!Factors of
!safety for
!final design
!for the clay
!layer at
1297.3 m
I Short I Long
I Term I Term
1.45
1.14

2.4

> 1.3

> 1.3

1.3

Upper slope stability for
failure involving the pipeline

> 2.0

> 2.0

> 2.0

2.0

Upper slope stability for failure
not involving the pipeline

> 1.4

> 1.4

> 1.4

1.4

Overall slope stability
(under soldier piles)

Lower slope stability
(support berm slope)
Notes:

(a)
(b)

Short
Term
1. 30

Long
Term
0.72

Short !Long !Short
Term !Term !Term
1.6
0.8
1.7

Long
Term
0.6

Long
Term
1.9

Short
Term
2.1

Short term uses the clay layer shear strength of cr'=lO kPa and ~r'=9°.
Long term uses the clay layer shear strength of cr'=O kPa and ~r'=9° for
clay layers in front of the wall and Cr'= 10 kPa and ~r'=9° for clay layers
behind the retaining wall.

39B were installed 0.3 m above the support
berm approximately 6 days after the soil was
removed from in front of the wall. These
prisms were installed to check the deflection
of the lower exposed section of the piles.

A

.

-"'

Pneumatic piezometers (PN) 507 and 508 were
installed during construction to confirm
design piezometric levels behind the retaining
wall. PN 574 was installed in the support
berm to provide information on pore pressure
dissipation in the oilsand.

Pll•....,a~nplocation

The slope inclinometers were read on average
every 10 days. Readings were taken at 0.6 m
intervals for the entire depth except SI 502
and 513 which were read at 0.3 m intervals.
Incremental and cumulative displacement plots
were regularly updated for each SI.
Incremental displacement represents the lateral
differential movement occurring at each
interval measured. Cumulative displacements
are the sum of the incremental displacements
starting from the bottom of the slope
inclinometer. The cumulative displacements
determined for any elevation will represent
the total lateral ground movement occurring at
that point. This assumes the slope
inclinometer has been anchored sufficiently
deep that no lateral displacement is occurring
in the ground below. The slope inclinometers
are generally read to 1.2 m below the top of
the SI casing due to equipment restrictions.
Figure 8 and Figure 9 show the cumulative
displacements for the slope inclinometers
installed along cross-sections A-A' and B-B'
as shown on the site plan in Figure 1.
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Instrumentation Results
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Cross-Section B-B' Instrumentation
Results

300

Slope inclinometer readings indicated movement
occurring on discrete planes, within a zone
less than 0.6 m thick, corresponding to the
location of the clay layer zone. At these
critical depths incremental displacement was
monitored closely with particular checks made
of movement velocity. Figure 10 shows the
change in incremental displacement with time
for SI 530, 531, 532 and 533 for the critical
depths. The velocity is the slope of the
lines connecting the readings and the change
in velocity is given by the change in slope of
the lines.
-
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Critical Movement Planes Measured by
Slope Inclinometers

Fig. 12

Figure 11 gives an indication of the outward
movement of the soil immediately behind the
top of the retaining wall shown by SI 501 and
503 and deflection of the top of the wall is
shown by SI 502.

10

20

25 30 35 40
DISPlACEMENT (mm)

45

50

Profile of Allowable Pile Deflection
Based on SI 502 and PZ 22 Field
Measurements and Computer Modelling

40

--PZ9
--PZ22
--PZ34
--PZ 22B

Figure 12 shows the cumulative displacement
profile of SI 502 and the associated prism
deflection. This is compared to the allowable
deflection, calculated by computer modelling
of the observed pile deflection discussed in
the following section.
Individual prism deflection readings are shown
in Figure 13 which also shows the deflection
of the top of the retaining wall indicated by
prisms PZ 9, 22 and 34.

0 A

Piezometer readings for the piezometers
installed behind and in front of the wall are
provided in Figure 14.
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F M
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A

Deflection of Top of Piles Measured by
Prisms

Although movement velocities had stopped by
November, 1986 there was a concern that
movement may be re-initiated in the spring due
to the freeze/thaw effects reducing the shear
strength and increasing pore water pressures
of the clay layers under the support berm. It
was also considered possible that an increase
in loading onto the back of the retaining wall
may occur in the winter due to frost heave and
in the spring due to freeze/ thaw effects
helping to break down the retained soil and
increasing the pore water pressures. This was
postulated since there were indications that
the maximum load was not acting on the wall as
shown by the results of computer modelling
discussed below.
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No significant movement which may indicate
buckling of the pile was observed in SI 502 on
the inside flange of the pile at the depth of
the clay movement planes, although the
deflection profile in Figure 12 indicates a
berm-block sliding influence as opposed to
solely passive resistance influence. This is
suggested by a slight bend near the clay layer
zone.

Piezometric Levels

Discussion of Instrumentation Results
A comprehensive instrumentation program should
provide data necessary for an effective
observational method towards construction and
post-construction behavior in which lower
factors of safety are accepted in design so
long as an established contingency plan for
remedial stabilization can be implemented
before failure. In this case two weeks
advanced warning would have been required to
implement remedial stabilization. The
observational approach consisted of (i)
monitoring changes in slope inclinometer
movement velocity at the critical movement
depths and (ii) evaluating the stress
conditions of monitored piles when significant
movements were experienced. Criteria were
established which, if exceeded, would trigger
thorough examination of the situation and if
necessary the implementation of the
contingency plan.

For the pile length and size used in the wall
construction it was estimated that the piles
could deflect between 25 mm to 50 mm at the
top although retaining wall deflections are
difficult to determine because of the
difficulty in predicting soil/structure
interaction and the influence of construction
methods and timing. It was decided that if
deflection of the top of the pile exceeded
25 mm the pile would be stress analysed. When
this occurred a computer program was used that
could determine the shear forces, shear .
stresses, bending stresses, bending moments
and deflection of a beam with given section
properties along its length, under a given
loading condition. Using the P-Frame computer
program and a "trial and error approach"
different load combinations were applied to
the simulated pile until the deflection
profile generated by the load combinations
matched the deflection profile measured in the
field by SI 502 and PZ 22. The existing
stresses in the pile could then be determined
from the modelled deflection profile. It was
calculated that the allowable bending moments
in the steel and concrete section of the pile
would be reached at 2.5 times the modelled
deflection profile. Any significant change in
the deflection profile measured in the field
would require a revised computer analysis.
The existing calculated stress versus
allowable stress conditions are given in Table

The movement velocity criteria required that
detailed assessment would be required if the
velocity for any movement depth increased
above the original recorded velocity and the
incremental displacement exceeded a total of
15 mm. The results of the time displacement
plots in Figure 10 show that the velocity at
the critical movement depths decreased more
slowly for SI 531 and 533 which are located
furthest from the wall and closer to the
stress-free surface of the support berm face.
Movement velocities stabilized after 50 days
and 117 days respectively. The movement did
not correlate to rainfall or temperature. The
maximum velocity recorded was 0.3 mm/day in
SI 533 and the greatest displacement was 11 mm.
Total displacement may have been slightly more
· because the slope inclinometers were not
installed until several days after· excavation.
Extrapolating back (assuming initial recorded
velocity) to the time of excavation indicated
that additional displacement ranging from 12
to 19\ of the total incremental displacement
could have occurred. Considerable expertise
in the installation and monitoring of slope
inclinometers has been developed in the course
of their extensive use within the mine at
Syncrude Canada Ltd. The accuracies of the
incremental displacement readings presented in
Figure 10 are better than plus or minus
0. 6 mm.

Second International Conference on Case Histories in Geotechnical Engineering
Missouri University of Science and Technology
http://ICCHGE1984-2013.mst.edu

5.

The maximum stress condition occurred on or
about March 18, 1987 and although the bending
moments were not rigidly calculated for this
date extrapolation of the Jan. 3, 1987 reading
gives the critical bending moment at slightly
more than 40\ of the allowable. There was a
partial reversal in the deflection profile of
the piles after the winter as shown in
Figure 11 and Figure 13. This was most likely
due to elastic rebound of the piles following
the removal of frost heave effects. The
largest measured deflection of the retaining
wall was 33 mm.
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Table 5:

Calculated Stress Conditions for
Pile Monitored by SI 502 and PZ 22

Date
of
Reading
Jan 03/87
Mar 18/87
Date
of
Reading
Jan 03/87
Mar 18/87

analysed by considering that the entire berm
could be pushed out by the retaining wall in
what has been termed a berm-block sliding mode
of failure. Based on the lower bound linear
envelope from direct shear box tests on the
clay, effective residual shear strength
parameters were chosen which included a
significant cohesion component. Although full
residual cohesion and angle of shearing
resistance were used in the analyses and a
larger support berm selected in the redesign,
factors of safety for overturning were lower
than considered necessary for ~hort term design.
Without the cohesion component the factors of
safety would be further reduced.

Steel only Section
Existing/Allowable (%)
Maximum
Maximum
Shear Stress
Bendincr Stress
26
21
30
25
Steel and Concrete Section
Existing/Allowable (%)
Maximum
Maximum
Shear Fore
Bendin Moment
16

37

To safely and reliably allow for a less
conservative design approach an observational
method towards construction and post
construction behavior was used to supplement
the design. This included frequently monitored
and analyzed instrumentation and the
establishment of a ready-to-install contingency
plan for remedial stabilization. This approach
was successful and the contingency plan did not
have to be implemented. If it had not been
possible to construct a larger support berm and
infringe on the conveyor maintenance accessway
this approach could not have been used and the
construction cost would have more than doubled
since a more elaborate method of supporting the
retaining wall would have been required.

The piezometer readings for PN 507 and 508
have shown that the design piezometric levels
may have been 0.5 m to 1 m too high. PN 574,
which was installed 63 days after the support
berm was excavated, showed very slow
dissipation of the pore water pressures in the
in situ oilsand and quick recharge back to the
elevation of the top of the support berm
following rainfall which confirms the original
design assumption.
Although movement occurred along the clay
layers within the support berm no failures or
surface cracking occurred. The majority of
the movement is considered to be due to stress
relief from the excavation, with only minor
effects from the retaining wall loading. The
pile deflection profile suggested a berm-block
sliding influence in the deflection curvature.
No major deformation of the retaining wall or
individual piles occurred and stress conditions
in the piles appeared to be slightly more than
40% of the allowable, based on measurements
taken on one pile. No upper slope or overall
slope stability_problems were observed in the
field or measured by ,the instrumentation.
Ground movements in the vicinity of the
synthetic crude oil and natural gas pipelines
were less than 5 mm, well below the maximum
movement tolerances.
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CONCLUSIONS
The presence of clay layers can have a
significant impact on the design of retaining
wall structures if not detected at the initial
design stage. This case study shows that a
thorough subsurface investigation that includes
continuous coring or similar methods of sampling
capable of detecting thin clay layers, is very
important.
The discovery of clay layers during the
construction stage required that the retaining
wall design be reanalyzed with the following
considerations; (i) potential mode of failure
of the support berm underlain by weak clay
layers and (ii) selection of design parameters
for the clay based on -evidence of pre-sheared
planes.
The overturning stability of the retaining wall
and redesign of the support berm has been
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